We have investigated the gate-dependent magnetoresistance of strongly asymmetric double-well structures. The structures were prepared by inserting a thin Al 0.3 Ga 0.7 As barrier into the GaAs buffer layer of standard modulation-doped GaAs/Al 0.3 Ga 0.7 As heterojunctions. The resulting double-well system consists of a nearly rectangular well and of a triangular well coupled by tunneling through the thin barrier. With a proper choice of growth parameters one can control the occupancy of the two wells and of the two lowest (bonding and antibonding) subbands. The electron properties may also be changed by applying front-or back-gate voltage between the electrodes attached to corresponding gate layer and the 2DEG.
Introduction
Strongly asymmetric double-well structures were prepared (by MBE method) by inserting a thin Al0.3Ga0.7As barrier into the GaAs buffer layer of standard modulation-doped GaAs/Al0.3Ga0.7As heterojunctions at a distance from the GaAs/Al0.3Ga0.7As interface. The resulting double-well system consists of a nearly rectangular well and of a triangular well coupled by tunneling through the thin barrier. With a proper choice of growth parameters (the distance of the barrier and the barrier thickness) one can control the occupancy of the two wells and of the two lowest (bonding and antibonding) subbands. 1 Corresponding author. E-mail: smrcka@fzu.cz
The barrier positioned into the center of mass of the two-dimensional electron gas (2DEG) leads to small separation of the ground and excited subbands on the energy scale and balanced distribution of electrons in the two wells. With the barrier close to or far from the interface the bonding and antibonding subbands become more separated and the number of electrons in the excited subband is reduced.
The distribution of electrons between wells is strongly asymmetric. The barrier far from the interface means that only a small part of electrons is in the triangular well behind the barrier, for a barrier close to the interface the situation is reversed and the majority of electrons is in the triangular well.
The electron properties of the structures may be further varied by applying front-or back-gate voltage between the electrodes attached to corresponding gate layer and the 2DEG. As the electron sheet in the well closer to the gate partly screens the electrons in the other well, one expects that the back-gate voltage will influence strongly the structures with minority of electrons in the triangular well while the samples with a narrow rectangular well will be more sensitive to the front-gate voltage.
The other possibility of modification of the electronic structure is the application of the in-plane magnetic field. A magnetic field B applied parallel to the quasi-two-dimensional systems of electrons confined in double-well structures is known to couple strongly to the electron orbital motion and to change dramatically the electron energy spectra. The magnetoresistance oscillation observed on coupled double quantum wells represents a striking manifestation of the two distinct van Hove singularities in the B -dependent density of states, corresponding to the depopulation of the antibonding subband at a critical field B = Bc,1, and to the splitting of the Fermi sea into two separated electron sheets at a second critical field Bc,2 [1,2,3,4]. There may be also the third critical field Bc,3 [5] at which the system returns to the single layer state due to depletion of the triangular well.
At B = 0, the bonding subband electrons, with concentration N b , have a dominant weight in the rectangular well, while the electrons from the antibonding subband, with concentration nA, are more likely to occupy the triangular well. The corresponding Fermi contours are two concentric circles. Applying the inplane field B induces a transfer of antibonding electrons to the bonding subband and, therefore, also from the triangular well into the rectangular one [4] . The Fermi contour of the antibonding subband changes its shape and shrinks; at a critical field Bc,1 it disappears and all electrons occupy only the lowest, bonding subband. The system behaves as a wide single-layer with electrons distributed between the two coupled quantum wells. The magnetoresistance approaches a pronounced minimum as illustrated in Fig. 1 .
Upon further increasing B , a neck in the peanutlike Fermi contour narrows which, eventually, results in splitting of the contour at B = Bc,2. At this second critical field, the system undergoes a transition from a single-layer to a bilayer state, corresponding to a sharp maximum on the magnetoresistance curve (see Fig. 1 ). Above Bc,2, electrons of the larger contour have a dominant weight in the rectangular well, while the smaller contour electrons occupy the triangular well. The asymmetry of charge distribution between the two wells increases with B . At a third critical field Bc,3 all electrons are transfered into the rectangular well and the 2D system re-enters the single-layer state [4] . The aim of this paper is to study how all these above mentioned phenomena will be transformed under the influence of front-and back-gate voltages applied to a system. 
Experiments
Two samples grown by MBE were studied. The barrier thickness was 12 monolayers (3.4 nm) in both of them. In Sample A (with wide rectangular well) the distance from GaAs/Al0.3Ga0.7As interface was 11 nm (39 monolayers), in Sample B this distance was only 7 nm (25 monolayers). The chip-carrier top-metal-layer was used as a back gate for Sample A, Sample B was provided with front-gate layer, produced by lithography technique.
The experiments were carried out in magnetic field range up to 30 Tesla at temperature 0.4K, using low-frequency (13 Hz) ac technique. For every corresponding gate voltage the magnetoresistance has been recorded at different tilt angles close to the parallel magnetic field orientation and also in the exactly parallel and perpendicular magnetic fields.
The basic characteristics of 2DEG have been extracted from the data taken in perpendicular magnetic fields. The total electron concentration N was determined from the low-field Hall resistivity. Measured ρH and ρxx give the electron mobility µH . Fourier analysis was applied to determine the partial concentration in the subbands N b and Na.
Results and discussion

Sample A
The Sample A has a 11 nm wide rectangular well and only the minority of electrons is behind the barrier in the triangular well. Therefore, it is a good candidate for application of the back-gate voltages in magnetic fields with the in-plane orientation are presented in Fig. 2 . As the barrier is far from the interface, the back-gate has strong effect on the electrons of low-populated triangular well. While the critical fields Bc,1 and Bc,2 which correspond to the depopulation of the high, antibonding, subband and to the splitting of the Fermi sea into two separate electron sheets, respectively, do not depend substantially on the applied gate voltage, the third critical field Bc,3 (at which the system returns to the single layer state) is very sensitive to the change of the total concentration N induced by the back-gate voltage. An increase of N due to positive back-gate voltages leads to a shift of Bc,3 to higher magnetic fields. At higher back-gate voltages there are too many electrons in the triangular well and the minimum in magnetoresistance corresponding to Bc,3 is beyond the available magnetic fields.
Sample B
The Sample B has a 7 nm wide rectangular well. to it's narrower rectangular well, the front-gate voltages have rather stronger effect on system behaviour. First of all, it affects the electrons from the left rectangular well. As a result of triangular well screening, and a larger amount of charge carriers in right triangular well at B = 0 and UG = 0, there is no third critical field observed on this sample. Both Bc,1 and Bc,2 shift with increasing N (increasing positive front-gate voltage) in direction of higher magnetic fields. The zero-field longitudinal resistance of Sample B depends strongly on front-gate voltage. The gate voltage sweeps of its resistance are presented in Fig. 4 . We attribute such oscillation of the resistance to the emptying of the antibonding subband. Then the density of states is halved and, consequently, the scattering rate of electrons and the sample resistance are reduced.
The Fig. 5 shows evolution of the gate dependent parameters (mobility and partial concentrations) of this sample for zero magnetic field.
Conclusions
The magnetic field oriented in parallel to the 2D electron system induces a deformation of the Fermi contours corresponding to bonding and antibonding subbands, depopulation of the higher occupied subband at the critical field Bc,1, and the transition into the decoupled bilayer at the critical field Bc,2. With the small concentration of electrons in the triangular well, we can observe the third critical field Bc.3 at which the triangular well is emptied and the system returns to the single layer state. All these anomalies are strongly dependent on varying electron concentration, which may be controlled by front-or back-gate voltage. Finally, the effect of front-gate may cause emptying of the antibonding subband independently on magnetic field.
